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INVESTIGATION OF FLUTTER CHARACTERISTICS OF THREE
LOW-ASPECT-RATIO ALL-MOVABLE HALF-SPAN CONTROL
SURFACES AT MACH NUMBERS FROM 1.49 TO 2.87

By Homer G. Morgan, Irving E. Figge,
and John G. Presnell, Jr.

SUMMARY

Results of a supersonic flutter investigation of three low-aspect-
ratio control surfaces are presented in this paper. Two controls were
all-movable but the third bhad a fixed cutout. The test was conducted
in the low Mach number test section of the Langley Unitary Plan wind
tunnel. The Mach number range was 1.49 to 2.87. Various ratios of
uncoupled bending frequency to uncoupled pitching frequency were used.
Some of the models tested had a mass balance. Results show that flutter
may be eliminated or the dynamic pressure at flutter may be increased
by the use of mass balance. It was also found that the lowest flutter
dynamic pressures were obtained when the ratio of the uncoupled bending
frequency to the uncoupled pitching frequency was near 1. Some calcula-
tions using piston theory are presented and compared with experiment.

INTRODUCTION

Flutter of control surfaces has long been a problem of concern to
the aircraft designer. 1In the past, for subsonic flight, certain flut-
ter variables have been found to be important. Procedures for over-
coming or preventing control-surface flutter, such as mass-balancing,
control of stiffnesses, or control of frequency ratios, have been devel-
oped. As flight speeds become higher, the problem arises as to whether
or not these same flutter-prevention procedures are applicable for
supersonic flight. In the absence of proven calculation procedures and
experience on a large variety of configurations for supersonic flight,
proposed control surfaces for high-speed vehicles must usually be
tested for flutter.
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Three elevator plan forms which were being considered for a high-
speed ground-to-air missile have been tested in the Langley Unitary Plan
wind tunnel over the Mach number range from 1.49 to 2.87 to determine
their flutter characteristics and to evaluate the relative merits of
the plan forms. Mass-balancing as a possible flutter alleviator on
an all-movable control was investigated by using two types of balance
weights - a weighted boom and a weighted leading edge. Several ratios
of uncoupled bending frequeucy to uncoupled pitching frequency were
also investigated by varying the pitching restraint of a simulated
actuator.

Flutter calculations have been made on one of the plan forms for
comparison with experiment. The structural portion of the flutter anal-
ysis was handled by using both coupled and uncoupled vibration modes.
Piston theory was chosen from several theories to give the aerodynamic
input because of its simplicity and inclusion of airfoil-thickness terms.
Structural damping is included in some of the calculations. It may be
noted that a summary of some of the results for the control configura-
tions given herein was included in the survey study given in reference 1.

SYMBOLS
a speed of sound, fps
b one-half chord, ft
Fy bending-mode deflection along rotation axis
Fe pitching-mode deflection
f frequency, cps
g structural-damping coefficient
Ie mass momegt of inertia per unit length about axis of rotation,
slug-ft
ft
l total semispan along hinge axis, ft
M Mach number
m mass of control per unit length, slugs/ft
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rotation, positive rearward of center of gravity, ElH%ifE
\' velocity, fps
1 distance from root of control along hinge axis, fraction of

span
1] ratio of mass of control to mass of air contained in cone

determined by control, Mass of comtrol

1 2
pl‘.n:f bdy
0

o) air density, slugs/cu ft
W circular frequency, radians/sec
Subscripts:
c calculated
e experimental
f value at flutter
h uncoupled bending
5] uncoupled pitching
r reference mean aerodynamic chord
1 first coupled mode
2 second coupled mode
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2
dynamic pressure, %DV , 1b/sq ft

static unbalance of wing per unit length about axis of
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Apparatus

The investigation was conducted in the low Mach number test section
of the Langley Unitary Plan wind tunnel. This tunnel is a variable-
pressure, continuous, return-flow type. The test section is 4 feet square
and approximately 7 feet in length. The nozzle leading to the test sec-
tion is of the asymmetric sliding-block type. The Mach number can be
varied continuously through a range from approximately 1.49 to 2.87.

A drawing illustrating the test setup is shown in figure 1.
Boundary-layer effects were minimized by projecting the model outside
the boundary layer with a fixed strut. The supporting mechanism of the
models was mounted on a removable turntable located in the tunnel wall.
A torque tube operating in low-friction bearings was mounted to the ele-
vator surface and passed through the tunnel wall. The models were
restrained in pitch by a spring that was instrumented with a strain gage.
This system allowed the pitching frequency of the model to be varied.
The entire mounting mechanism was housed in a pressure-sealed container.
A photograph of a model installed in the test section is shown in
figure 2.

Both low- and high-speed cameras recorded elevator flutter. The
motion pictures aided in determining the flutter modes. A high-speed
camera operated at 2,000 frames per second, and another camera operated
at 180 frames per second.

Models

Configuration.- Three low-aspect-ratio half-scale elevator plan
forms were tested. Two control plan forms were all-movable but the
third control had a fixed cutout. Details of these models are shown in
figure 3, and the geometric characteristics are given in table I.
Photographs of the models are presented in figure 4. All plan forms
had circular-arc airfoil sections, modified over the truncated portion
of the plan forms to have a blunt trailing edge. Strain gages were
located on all models at the positions shown in figure 3 for flutter-
frequency determination. These strain gages were mounted internally
on ribs and spars.

Plan-form 1 was a 5-percent-thick, spindle-mounted, all-movable
control surface whose axis of rotation was at the 38-percent mean-
aerodynamic-chord station. In addition to the basic control, two
types of mass-balancing were provided for this model. One balance was
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a weighted leading edge which increased the weight of the control by
20 percent. The second type of balance weight was boom-mounted (see
figs. 3(a) and 4(a)) at the 60-percent-span station. The added weight

when the boom was used, including the boom, was about 18% percent of
the basic model weight.

Plan-form g,was'hlso spindle-mounted but its axis of rotation was at
the L45-percent mean-aercdynamic-chord station. Thickness varied linearly

from 6 percent at the root to about 3% percent at the tip. The basic

elevator was designed to have as little mass unbalance about the hinge
line as possible. One variation that was studied on the model was a
heavy leading edge on the outboard 48 percent span of the control, as
shown in figure 3(b). This increased the model welight by about T percent.

Plan-form 3 was mounted on a hinge tube carried by a fixed stub
which was 25 percent of the total surface area. The control hinge line
was at the L2-percent mean-aerodynamic-chord station, and the model was
% percent thick.

Construction.- The structure of all models was similar to that of
full-scale control surfaces. Plan-forms 1 and 2 had conventional rib
and spar construction with duralumin skin. Their steel spindles were
supported by two needle bearings. Plan-form 3 was of duralumin-honeycomb
construction with duralumin skin. This control rotated in two ball
bearings which were attached to the spar of the fixed stub. On all
models the pitching restraint of an actuator was simulated by springs
attached at the location shown in figure 3. These springs could be
changed to vary the pitching frequency. The bending frequency was
determined by the spindle or stub spar and remained essentially constant.

Physical parameters.- The mass parameters of the models studied are
given in table II. The listed weights do not include the part of the
spindle which is outside the surface, nor do they include the pitch
spring. The calculated mass, static-unbalance, and moment-of-inertisa
distributions for plan-form 2 are given in table IIT.

The vibration modes and frequencies were investigated on the models,
prior to installation in the tunnel, by using an electromagnetic shaker
and small accelerometers. Mode shapes were found on most of the models
by exciting the model at a resonant frequency and measuring displacements
with the accelerometers. Coupled modes and freguencies were found with
the model unrestrained except for the pitch spring. Uncoupled modes and
frequencies were found by restraining the model to lock out unwanted
response. Uncoupled pitching was found by holding the model on its pitch
axis near the tip, and uncoupled bending was found by clamping the model
at the root, off the hinge line.
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Measured coupled and uncoupled modes for two uncoupled-frequency
ratios on plan-form 2 are given in table IV and figure 5. As this table
and figure show, most of the pitching deflection was pure rotation with
small amounts of twist in the surface. The bending deflection had large
components of both elastic deformation of the surface and flapping about
the root. Structural-damping coefficients were determined from the decre-
ment of free vibrations in still air at the frequency of the mode of
interest.
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TEST TECHNIQUES

Models were mounted in the test section at zero angle of attack.
After mounting, the pretest procedure consisted of a brief resonant
vibration test to check the pitching and bending frequencies of the
models.

Test results were obtained by operating the tunnel at a constant
Mach number and increasing the stagnation pressure until flutter was
obtained or the maximum tunnel operating conditions were reached. If
the model fluttered, stagnation pressure was reduced until flutter
ceased.

During the test program, it was found that the dynamic pressure at
the end of flutter was often much less, by as much as 50 percent, than
the dynamic pressure at the start of flutter. Thus, two test points
were obtained - one when flutter was initiated and another when flutter
stopped. It was found that flutter could be started at lower dynamic
pressures if turbulence were introduced into the airstream by opening an
air inbleed valve upstream from the test section. The implications of
this procedure are discussed in a later section.

The start or stop of flutter was determined by observing an oscil-
loscope on which bending and pitching strain-gage signals were displayed
on the horizontal and vertical axes, respectively. At flutter, the ampli-
tude increased rapidly and the frequency from both gages became the same;
thus, an elliptical pattern was given on the oscilloscope. Time his-
tories of the pitching and bending strain-gage signals were then recorded
on high-speed oscillographs.

The tunnel-data recording system was used to obtain Mach number,
dynamic pressure, and stagnation temperature when flutter started, when
it stopped, or when maximum dynamic pressure was reached if no flutter
occurred during the test.
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ANALYSIS

Flutter-speed calculations were made on plan-form 2 for comparison
with experiment. The equations of motion of the system were derived in
reference 2; however, supersonic aerodynamic coefficients must be used
herein. The first two measured vibration modes and frequencies, both
coupled and uncoupled, were used in the analysis. These mode shapes,
for two frequency ratios, are given in table IV. The distributed msss,
static-unbalance, and moment-of-inertia properties needed in the calcula-
tion are given in table III. The oscillatory aerodynamic forces used
in this analysis were obtained from piston theory (ref. 3) which has
been presented for use at very high Mach numbers and low reduced fre-
quencies. This aerodynamic theory permits the inclusion of nonlinear
effects of airfoil shape and thickness in the flutter analysis. For
some cases, the measured value of structural damping in each mode was
included in the calculations.

RESULTS AND DISCUSSION

Experimental Results

The test-program results are shown chronologically in table V.
This table shows the model frequencies and the test-section conditions
either at flutter or at the maximum dynamic pressure if no flutter was
obtained. For most of the tests when flutter was obtained, the test-
section conditions are listed for both starting and stopping flutter.

b.w
The stiffness-altitude parameter 2_9 ﬁ: is also given at flutter or

at the maximum dynamic pressure.

As mentioned previously, it was found on some tests that the dynamic
pressure at the end of flutter was as much as 50 percent less than the
dynamic pressure at the start of flutter. This is shown in figure 6
where dynamic pressure at both the beginning and the end of flutter is
plotted against Mach number for plan-form 2 with a frequency ratio
of 1.02. When testing in the second mode of tunnel operation
(2.2 S M S 2.87) which has a higher level of turbulence, flutter was
found to begin much closer to the dynamic pressure where the flutter
stopped than when testing at lower Mach numbers. This indicated the
possibility that introducing some artificial turbulence into the air-
stream might produce results that are more consistent. Consequently, on
all tests after test 20, turbulence was induced in the airstream by
bleeding in air upstream of the test section.

‘ ,"il
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With the flow upset in this manner, flutter could be started at
much lower dynamic pressures than previously. This may have been due to
nonlinearities in the system such as free play, nonlinear springs, non-
linear damping due to bearing supports (sometimes known as stiction),
and so forth. However, experience with bearing supports has shown that
their damping characteristics very often are highly nonlinear, and this
factor probably accounts for the dependence of the system on turbulence
level to initiate flutter.

Correlation was good for the end of flutter on tests both with and
without turbulent flow at the same Mach number (for example, tests 18
and 22 in table V). For this reason, and since it is desirable to be
conservative in predicting flutter, the flutter boundary is interpreted
as being the dynamic pressure at which flutter stops.

Plan-form 1.- Only one flutter point was found with plan-form 1.
This one point (test 7) was at a Mach number of 2.21 and occurred at
the extreme upper limit of dynamic pressure available. The model stiff-
ness gave an uncoupled-frequency ratio of 1.12, the frequency ratio
nearest 1 which was tried on this configuration. When a heavy leading
edge was added, increasing the model weight by 20 percent and changing
the frequency ratio to 1.16 eliminated the flutter point as shown by
test 51 in table V.

Plan-form 2.~ As shown in figure 7, flutter was obtained on plan-
form 2 between Mach numbers of 1.49 to 2.80. TFor a ratio of uncoupled
bending frequency to uncoupled pitching frequency of 1.02, flutter
points were determined over this entire Mach number range and an indi-
cation of constant dynamic-pressure flutter was found at the higher
Mach numbers. At frequency ratios of 0.91 and 1.41, flutter was found
only over part of the Mach number range; and at a frequency ratio of 0.82
(see table V) no flutter was found within the operating limits of the
tunnel. The trend of the flutter boundary with Mach number is different
for the various frequency ratios, and the dynamic pressure at flutter is
mich lower when the frequency ratio is near 1.

A mass balance of about T percent of the basic-control weight was
distributed over the outboard 48 percent span of the leading edge of
the model. This distribution changed the uncoupled-frequency ratio
from 1.02 to 0.95. The test results are shown in figure 7 and indicate
that dynamic pressure at flutter is at least doubled by adding the bal-
ance weight. The flutter boundary is similar to the boundary for the
unbalanced model with a frequency ratio of 0.91. Thus, the improvement
in flutter characteristics with mass balance can be attributed to the
frequency-ratio change as well as to the center-of-gravity shift. A
similarly balanced model with a frequency ratio of 0.89 would not flut-
ter at the maximum dynamic pressure available.

 —
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The variation of the ratio of flutter frequency to uncoupled pitching
frequency with Mach number is shown in figure 8 for the various mass
and frequency-ratio combinations on plan-form 2. 1In general, the flutter
frequency falls between the uncoupled frequencies. An indication of the
makeup of the flutter mode was obtained from high-speed motion pictures.
The flutter mode for frequency ratios of 1.02 and 1.41 consisted of
bending coupled with pitch. For a frequency ratio of 0.91, as well as
for the mass-balanced case with a frequency ratio of 0.95, the flutter
mode was predominately bending.

Plan-form 3.- Only a limited number of tests were conducted on
plan-form 3, but the few data points obtained are shown in figure 9.
Two flutter points were found at an uncoupled-fregquency ratio of 1.00
on plan-form 3. A very mild flutter, predominately elevator rotation,
occurred at the top dynamic pressure available at a Mach number of 2.80.
A very violent flutter was found at a Mach number of 2.21. A violent-
flutter point was also found when the frequency ratio was 0.88 at a Mach
number of 1.61. No flutter points at much higher dynamic pressures were
found at Mach numbers of 1.61 and 2.21 for an uncoupled-frequency ratio
of 1.16. This would indicate that keeping the bending frequency above
the pitching frequency would be beneficial in this range of frequency
ratios. Divergence was too rapid on the violent-flutter cases for motion
pictures to be taken to determine the flutter modes.

Calculations

The results of flutter calculations on plan-form 2 at a frequency
ratio of 1.02 are shown in figures 10 and 11. These calculations, which
were made by use of piston theory with the effect of thickness included,
used both coupled and uncoupled measured modes with both zero damping
and measured damping in each mode. The flutter frequency calculated by
use of all four procedures was within 5 percent of the experimental
value, as shown in figure 10 where the ratio of calculated flutter fre-
quency to experimental flutter frequency is plotted against Mach number.
The ratio of calculated flutter velocity to experimental flutter velocity
plotted against Mach number, shown in figure 11, varied considerably
with the calculation procedure. Coupled modes used with zero structural
damping gave the best results - within 3 percent of experiment. The
other methods gave results which were off by as much as 45 percent. The
addition of damping increased the calculated flutter velocity by a large
amount .

It should be noted that the center of gravity for this plan form
is very near the axis of rotation. The uncoupled-mode analysis is
probably more sensitive to errors in this distance; thus, the coupled-
mode analysis is the preferred method.
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The coupled-mode, zero-structural-damping calculation for plan-
form 2 at a frequency ratio of 1.02 is repeated in figure 12 as the
stiffness-altitude parameter plotted against Mach number and is compared
with experimental data points. Also shown in the figure are the results
of a similar calculation on plan-form 2 at a frequency ratio of 1.k4l.
The calculations at a frequency ratio of 1.41 do not show the same good
agreement with experiment as those at a frequency ratio of 1.02.

These calculations have been made by using piston theory. The
effects of airfoil shape and thickness have been included in the calcula-
tions presented. The calculations were also made for zero thickness,
and very little effect was found for the frequency ratios near 1. The
thickness trends with frequency ratio were the same as those pointed out
in reference 4.

SUMMARY OF RESULTS

From a supersonic flutter investigation of three low-aspect-ratio
control surfaces, the following results were obtained:

1. The single flutter point found on plan-form 1 was eliminated
by adding a distributed mass balance along the leading edge of the con-
trol. This mass balance increased the basic-control weight by 20 percent.

2. Plan-form 2 fluttered at lower dynamic pressures when the ratio
of uncoupled bending frequency to uncoupled pitching frequency was near 1.
The flutter dynamic pressure was at least doubled for all Mach numbers
when the frequency ratio was changed from 1.02 to 0.82, 0.91, or 1.h41.
The flutter boundaries for three frequency ratios all showed different
trends with Mach number.

3, A mass balance of 7 percent of the elevator weight, distributed
over the outboard 48 percent span of the leading edge, at least doubled
the dynamic pressure at flutter on one stiffness configuration for plan-
form 2. This improvement in flutter characteristics may be due to the
change in frequency ratio as well as to the shift of the center of
gravity.

4, Plan-form 3 exhibited violent, destructive flutter. The largest
flutter margins on this plan form were obtained when the uncoupled bending
frequency was above the uncoupled pitching frequency.

5. Calculations using piston theory gave good agreement with experi-
ment on plan-form 2 with a frequency ratio of 1.02 when either uncoupled
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modes with structural damping or coupled modes without damping were used.
Calculated results at a frequency ratio of 1.41 deviated considerably
from experiment.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,
Langley Field, Va., February 10, 1958.
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TABLE T
GEOMETRIC CHARACTERISTICS OF MODELS
. . Hinge line,
Total Ratio of fixed Mean Panel| fraction of|Thickness,
Plan surface area |aerodynamic
area, aspect|mean aero- fraction
form to movable- chord, .
sq ft ratio dynamic of chord
surface area ft
chord
1] 3.10 0 2.16 1.06 0.38 0.05
2] 2.88 0 1.6% 1.62 45 .06 to .035
3 3.28 .25 2.0k4 1.00 42 .03
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COMPUTED DISTRIBUTED MASS, STATIC UNBALANCE, AND MOMENT

OF INERTIA OF PLAN-FORM 2 WITHOUT MASS BALANCE

Span interval, m, Sg» Ie,
fraction of span | slugs/ft | slug-ft slug-ft°
£t £t
0 to 0.055 0.4k262 0.0085k4 0.0615
.055 to  .167 .3096 .00618 .Okk2
.167 to  .278 .0732 .00097 L0117
.278 to  .389 .1138 .00151 .0182
.389 to .500 .0867 .00188 L0142
.500 to .611 .0399 .00096 .00654
.611 to .T722 .0613 .00158 .00976
.T722 to  .833 0455 .00175 .00675
.8%3 to .94k L0294 .00129 .00468
.94k to 1.0 .013%5 .00069 .00226
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LA L BN X
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MEASURED MODIE SHAPES FOR PLAN-FORM 2

WITHOUT MASS BALANCE

(=) Uncoupled modes

fra::l*’bion mh/m o - - o = 141
of span |Fp, fy = T0 cps |Fg, fg = 68.5 cps | Fy, fy, = T2 cps|Fg, fy = 51 cps
0 0.088 1.000 0.072 1.000
.2 .149 1.0kl 137 1.005
b .268 1.045 .264 .963
.6 451 1.01% BT .908
.8 695 891 .698 841
1.0 1.000 .632 1.000 T
(v) Coupled modes for @y fog = 1.02
ﬁ_agjdon Fn Fo, Fn, Fe,,
of span fl=61 cps fa=72 cps
0 0.0k1 0.0712 0.015 -0.0599
.2 .117 .OT48 072 -.0643
A .213 .0T43 ATk -.0652
.6 379 .0706 Shh -.0601
.8 .628 .0653 <599 -.0450
1.0 1.000 .0590 1.000 -.01k%
(c) Coupled modes for mh/”ﬂ = 1.4
fra::]‘::ion Fhl Fel Fha Fe2
of span £, =45 cps £, = 69 cps
0 0.186 0435 0.045 -0.0050
.2 R Y5 410 143 -.0051
L .685 392 .267 -.0057
.6 834 .382 6T -.0068
.8 934 378 .T00 -.0086
1.0 1.000 377 1.000 -.0113
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Figure 2.- Photograph of a model mounted in the test section of the
Langley Unitary Plan wind tunnel.
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(a) Uncoupled bending- and pitching-mode shapes.

Figure 5.- Measured mode shapes for plan-form 2 at two frequency ratios.




NACA RM L58B2&.: se

27

10 ol —
— Fn, _1-
— e fg=6| ,(Uh/w = .02 /,’ /
F9|J 9 4?4’
____ Fh ,/ /
F I} f|=45,wh/w0= l.4| ’r/
U 9 , _
.8 1 -
//
1/
A /
//
/7
6 . /

. P ] /
/
/
Fh &Fe v

0 2 4 6 8

7, fraction of span

(b) First coupled mode shapes at two frequency ratios.

Figure 5.~ Continued.
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(c) Second coupled mode shapes at two frequency ratios.

Figure 5.- Concluded.
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Figure 6.- Variation of dynamic pressure with Mach number for beginning
and stopping of flutter for plan-form 2 with Wy /‘”6 = 1.02.
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Figure 7.- Variation of dynamic pressure at flutter with Mach number for
plan-form 2 at three frequency ratios and with mass balance added at
one frequency ratio.
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Figure 8.- Variation of ratio of flutter frequency to uncoupled pitching
frequency with Mach number for plan-form 2.
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Figure 9.- Variation of dynamic pressure at flutter with Mach number for
plan~form 3.
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Figure 10.- Ratio of calculated flutter frequency to experimental flutter
frequency plotted against Mach number for plan-form 2 with
Wy, /cne = 1.02 by use of piston theory which includes thickness.
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Figure 11.- Ratio of calculated flutter speed to experimental flutter
speed plotted against Mach number for plan-form 2 with wh/we = 1.02
by use of piston theory which includes thickness.
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Figure 12.- Stiffness-altitude parameter plot

ted against Mach number for

two frequency ratios on plan-form 2; comparison of experiment and

coupled-mode calculations by use of zero s
ton theory which includes thickness.
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